Abstract. We measured ultrafast reflectivity changes induced by double-pulse excitation in the organic conductor (EDO-TTF) 2 PF 6 . Using double-pulse excitation with a relatively high intensity, the sign of reflectivity change became reversed at around 0.8 ps and subsequently the reflectivity change reverted to that of the normal photo-induced state after about 1 ps. Using a optically phase-locked double-pulse with low intensity, we found that the temporal profile excited by an in-phase double-pulse differs from that by an out-of-phase double-pulse despite the time difference between the double-pulses being only 1.31 fs. This was true even when there is almost no overlap between each pulse in the double-pulse. These results indicate that the photo-response in this material to double-pulse excitation differs greatly from the linear sum of the responses to single pulses.
Introduction
The quasi-one-dimensional, quarter-filled organic conductor (EDO-TTF) 2 PF 6 has many unusual properties that differ from those of other materials that have a photo-induced phase transition (PIPT) [1] [2] [3] [4] . It exhibits a metal-to-insulator phase transition at 280 K accompanied by large molecular distortion [1] , indicating that it possesses a strong electron-phonon interaction. Ultrashort pulse excitation induces an ultrafast (< 0.2 ps) and gigantic (> 100 %) reflectivity change [2] . This ultrafast reflectivity change was recently found to originate not from the insulator-to-metal phase transition but 7 To whom any correspondence should be addressed. rather from a change in the charge order pattern from (0110) to (1010) [3] . 10-fs spectroscopy reveals that 20-fs oscillation plays an important role in the nascent stage of PIPT [4] . In this paper, we report a more unusual photo-induced response induced by double-pulse excitation. We have been investigating PIPT by double-pulse excitation because multi-pulse excitation is a promising method for achieving active control of PIPT.
Experimental
The light source used for the pump-probe measurements was a Ti:sapphire-based regenerative amplifier (center wavelength: 786 nm = 1.58 eV, pulse duration: 110 fs, repetition rate: 1 kHz). The output of the regenerative amplifier was used as the pump pulse and a tunable infrared beam generated using an optical parametric amplifier was used as the probe pulse. The pump pulse was separated into two pulses by an interferometer. The interval between these two pulses could be controlled not only on a phonon time scale (< 1 ps) but also on an optical-cycle time scale (< 1 fs). The (EDO-TTF) 2 PF 6 crystal was prepared by the procedure given in a previous report [1] , and was held at 180 K in a cryostat.
Double-pulse excitation on a phonon time scale
Figures 1(a) and (b) show the temporal profiles obtained by double-and single-pulse excitation, respectively. The pump pulse has a photon energy of 1.58 eV, which in the tail of the charge transfer (CT) band named CT2 [5] , while the probe pulse has a photon energy of 0.89 eV, which is where the coherent phonon is observed most clearly [6] . In the double-pulse excitation, the pump pulse has a photon density of 0.7 x 10 21 photons/cm 3 and the pulses are separated by a time difference (Δτ) of 0.16 ps. The thin lines in figure 1(a) represent the temporal profiles of the reflectivity change (ΔR/R) produced by single pulse excitation, which was achieved by blocking the other pulse in the interferometer. If the photo-induced response follows a linear summation rule, the temporal profile of the reflectivity change produced by double-pulse excitation will be identical to the broken line in figure 1(a), which is the sum of the two profiles obtained by single-pulse excitation. However, the experimental result, which is indicated by the thick line in figure 1(a), greatly differs from the sum of the two single-pulse profiles. ΔR/R decreases immediately after the first pump pulse but begins to increase near the second pulse and the sign of ΔR/R becomes reversed. ΔR/R reaches a maximum about 0.8 ps after the first pulse, and it then reverts to the ΔR/R profile produced by single-pulse excitation. This reversal in reflectivity change was observed even when Δτ = 0.5 ps. For comparison, we also measured the temporal profiles of ΔR/R induced by single-pulse excitation having a photon density of almost twice that of the previous experiment (1.2 x 10 21 photons/cm 3 ); this profile is shown in figure 1(b) together with the sum of the profiles obtained by applying single pulses 1 and 2 separately. These temporal profiles are in good agreement with each other, indicating that doublepulse excitation creates a state that single-pulse excitation at 1.58 eV does not reach. Excitation at low photon densities (< 0.1 x 10 21 photons/cm 3 per pulse) did not produce this reversal in the reflectivity change. This phenomenon is not caused by thermal effects because the time scale of creation and annihilation is approximately 1 ps, which is much faster than that of thermalization and the state does not revert to one of the thermal equilibrium states but to the photo-induced state for this time scale. Moreover, the same state was not produced when the photon density was doubled even although the total energies are the same. We thus conclude that we have found a new type of photo-induced state produced by double-pulse excitation.
Optically phase-locked double-pulse excitation
To achieve more precise control of the interval Δτ between the two pulses, we constructed an interferometer that allows Δτ to be controlled within 0.1 fs over a wide Δτ range from 0 ps to 3 ps [7] [8] [9] . Using this interferometer, we created a phase-locked double pulse with a photon energy of 1.58 eV and used it as the pump pulse, and used the 0.89-eV infrared pulse as the probe pulse (see schematic diagram in figure 2(a) ). The optical cycle of the 1.58-eV photon for the pump pulse is 2.62 fs; thus, a time difference of 1.31 fs corresponds to a phase difference of π. Phase-locked in-phase and out-ofphase double-pulses refer to two pulses that are in phase (+0) and out of phase (+π) with each other for even larger Δτ. 3 ) to ensure that the newly discovered photo-induced state described above is not produced. When Δτ = 0, since the in-phase double pulse is identical to the single pulse before the interferometer while the out-of-phase double pulse vanishes, the temporal profile produced by in-phase double-pulse excitation is the same as that produced by single-pulse excitation without the interferometer, while no reflectivity change is observed for out-of-phase excitation. For Δτ = 250 fs, these is almost no overlap between the two pulses (each pulse has a duration of 110 fs) so the reflectivity change produced by each pulse is expected to be about one-fourth of that produced by in-phase double-pulse for Δτ = 0 fs. In actual fact, it is approximately half (see figure 2(b) ) probably due to a saturation effect. Surprisingly, there is an obvious difference between the temporal profiles produced by in-phase and out-of-phase double-pulse excitations despite the time difference between the pulses being only 1.31 fs, which is equivalent to a phase difference of π. This phenomenon lasts for Δτ ~400 fs; no difference was observed for times longer than 500 fs. A possible explanation of this phenomenon is that the spectral profile of the excitation pulse is modulated due to interference between the two pulses but the spectral difference is not so large considering the broad CT band. Another possibility is that the coherence of the electronic excited state has a significant influence on coherent phonon oscillation. This seems to be highly improbable since the coherence time is expected to be short at the sample temperature used in this experiment (180 K); however, a long-lived coherence of ~ 400 fs has been already reported at 180 K in a photosynthetic reaction center [10] . Thus, we propose that our result is another case of anomaly long-lived coherence.
Conclusion
We measured the ultrafast photo-induced reflectivity change of (EDO-TTF) 2 PF 6 produced by doublepulse excitation with the goal of achieving active control of the photo-induced phase transition. Using relatively high intensity double-pulse excitation, a reversal in the reflectivity change was observed at around 0.8 ps. It subsequently reverted to the reflectivity change produced by single-pulse excitation after 1 ps. This new photo-induced state emerges at around 0.8 ps and can only be produced by double-pulse excitation. We also produced phase-locked double-pulse excitation using a high precision interferometer and found a difference between the temporal profiles of reflectivity changes produced by in-phase and out-of-phase double-pulse excitation at lower excitation intensities. This result possibly indicates that the coherence of the electronic state affects coherent phonon oscillation.
To confirm these speculations, we are currently investigating the effect of using different photon energies and shorter pulse widths.
